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ABSTRACT 

We present the results from first spectropolarimetric observations of the solar photosphere acquired 
at the Dunn Solar Telescope with the Interferometric Bidimensional Spectrometer. Full Stokes pro- 
files were measured in the Fe I 630.15 nm and Fe I 630.25 nm lines with high spatial and spectral 
resolutions for 53 minutes, with a Stokes V noise of 3 • 10~^ the continuum intensity level. The dataset 
allows us to study the evolution of several magnetic features associated with G-band bright points 
in the quiet Sun. Here we focus on the analysis of three distinct processes, namely the coalescence, 
fragmentation and cancellation of G-band bright points. Our analysis is based on a SIR inversion 
of the Stokes / and V profiles of both Fe I lines. The high spatial resolution of the G-band images 
combined with the inversion results helps to interpret the undergoing physical processes. The appear- 
ance (dissolution) of high-contrast G-band bright points is found to be related to the local increase 
(decrease) of the magnetic filling factor, without appreciable changes in the field strength. The can- 
cellation of opposite-polarity bright points can be the signature of either magnetic reconnection or the 
emergence/submergence of magnetic loops. 

Subject headings: Sun: magnetic fields — Sun: photosphere — Techniques: polarimetric 



1. INTRODUCTION 

The improvements in accuracy and spatial resolution 
of modern spectropolarimeters have led to a new concept 
of quiet Sun magnetism. It has been shown, for example, 
that quiet Sun magnetic fields have strengths from zero 
to 2 kG and that their evolutio n is closely related to 
the granular plasma motions (e. g. , iLin fc Rimmeldfl999l : 
iDommguez Cerdefia et alll2003( ). 

However, the formation and disappearance of magnetic 
concentrations in the quiet Sun are not yet well under- 
stood, mainly because of the difficulty of obtaining time 
sequences of polarization measurements over large fields- 
of-view (FOV) . The recent upgrade of the Interferometric 
Bidimensional Spectrometer (IBIS; ICaval lini 2006) to a 
vector polarimeter makes it ideally suited to study these 
processes with high spatial, spectral and temporal reso- 
lution. 

Here we analyze IBIS polarimetric measurements 
showing the temporal evolution of kC fields associated 
with G-band bright points (BPs) as these interact with 
the photospheric plasma. Our aim is to improve the 
current knowle dge about BP evolution in relation to 
magnetic fi elds (Berger et al."1995'; 'Berger & TitM|2001|; 
iNisenson et al. 2003; Sanchez Almeida et al. 2004). We 
focus on poorly known processes like the coalescence, 
fragmentation and cancellation of G-band BPs. This 
study exploits the physical parameters derived from both 
the observed profiles and the inversion results. 

2. OBSERVATIONS 

The observations were taken with IBIS at the 
NSO/Dunn Solar Telescope on November 21, 2006 from 
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16:24 UT to 17:17 UT. The dataset consists of 36 scans 
of the Fe I 630.15 nm and Fe I 630.25 nm lines with 
89 seconds cadence, obtained at disk centre. The two 
spectral lines are sampled with a total of 45 wavelengths 
(FWHM = 2 pm) on an equidistant grid of 2.3 pm skip- 
ping the telluric line in between the two Fe I lines, but 
sampling the O2 630.28 nm which allows to set the ab- 
solute wavelength scale. 

In spectropolarimetric mode, the incoming light to 
IBIS is modulated by a pair of nematic liquid crystal 
variable retarders placed in a coUimated beam in front 
of the field stop of the instrument. The light is ana- 
lyzed by a beam splitter in front of the detector, imag- 
ing two orthogonal states onto the same chip thus al- 
lowing for dual-beam spectropolarimetry. The modula- 
tion is in such a way that at each wavelength position 
six modulation states I + S (and its orthogonal states 
I — S) are detected with the following temporal scheme: 
S= [+V,-V,+Q,-Q,+U,-U]. 

The pixel scale of the spectropolarimetric images is 
0.18", while the integration time per modulation state 
and wavelength was 80 ms. For each narrow-band filter- 
gram, a simultaneous broad-band (633.32 ± 5 nm) coun- 
terpart was acquired, imaging the same FOV with the 
same exposure time. Furthermore, G-band filtergrams 
(430.5 ±0.5 nm) with approximately the same FOV, but 
smaller pixel scale (0.037") were taken with an exposure 
time of 15 ms. The seeing during the acquisition run was 
excellent and st able, allowing the adaptive optics system 
(jRimmeld l2004f) to achieve near diffraction-limited per- 
formance. 

The broad-band and G-band images have been re- 
stored via M ulti-Frame Blind Deconvolution (MFBD; 
iLofdahll I2OO2D to further reduce the seeing degrada- 
tion and obtain a homogeneous resolution in the whole 
50" X 50" FOV. 

The global and local shifts necessary to align and de- 
stretch the broad-band images with respect to the MFBD 
restored broadband images have been computed and ap- 
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Fig. 1. — Selection of four instants from the BP coalescence process. First row. G-band filtergram. Second row: COG magnetic flux 
density (images are saturated at 100 G). Contour plot: kG fields regions as obtained from the inversion analysis of Stokes V profiles 
above 4 ■ ay. Right plot: Fe I 630.15 nm {dotted line) and Fe I 630.25 nm (solid line) Stokes V profiles calculated as an average over 
a 0.5" X 0.5" box around the position of the strongest magnetic flux densities for each instant. Stokes V profiles are normalized to the 
continuum intensity. 




Fig. 2. — Evolution of relevant quantities for the BP coalescence 
process with full temporal resolution. Upper panel: velocity along 
the LOS obtained from the inversion; positive (negative) values 
mean photospheric downflows (upflows). Lower panel: magnetic 
flux density calculated via COG method (triangles) and from the 
inversion (dots); we also plot the magnetic field strength obtained 
from the inversion, appropriately rescaled (dashed line); the hor- 
izontal dotted line is a reference level for the field strength. The 
black arrows mark the instants shown in Figure [Tl 

plied onto the spectropolarimetric images. This process 
reduces the seeing-induced crosstalk and makes the spa- 
tial resolution of the whole spectropolarimetric scan com- 
parable with that of the individual narrow-band filter- 
grams. 

The dataset was then correcte d for the systematic 
wavelength shift across the FOV ("Reardon fc Cavallinil 
[2008i) caused by the collimated mounting of the Fabry- 
Perots and for instrumental polarization introduced by 
the telescope and the polarimeter itself. The aver- 
age noise level for Stokes V has been measured to be 
ay = 3 • 10""^ in units of the continuum intensity. 

The G-band observations are aligned with the broad- 
band images by using grid line targets. We then regis- 
tered the different scans via a correlation procedure to 
eliminate residual global shifts due to tracking inaccura- 
cies. 

3. DATA ANALYSIS 

We estimate the longitudinal magnetic flux den- 
sity applying the centre-of-gravity method (COG, 
iRees fc Semell [1979I ) to the observed Stokes V profiles 
of the Fe I 630.15 nm line. Unlike the classical magneto- 
graph formula, the COG technique does not suffer from 
saturation effects in the kG regime. 

To determine the intrinsic field strengths and magnetic 
filling factors associated with the G-band BPs we per- 
form an inversion of the St okes / and V profiles of the two 
lines with the SIR code ()Ruiz Cobo fc del Toro Iniestal 



Il992f ). We defer the interpretation of the linear polar- 
ization to future work with a mor e specific analysis as 
recommended bv lLites et al.l ()2008D . 

The inversion is based on two atmospheric compo- 
nents, one magnetized and the other field-free. The 
fractional area of the pixel occupied by the former (the 
magnetic filling factor /) is a free parameter of the in- 
version. The temperature stratification of each compo- 
nent is modified with two nodes, using the stratifica- 
tion of the Harvard Sm ithsonian Reference Atmosphere 
(|Gingerich et al.lll971[ ) as initial guess. The line-of-sight 
(LOS) velocities in the two components as well as the 
field strength in the magnetized component are assumed 
to be constant with height. The stray- light contamina- 
tion is modeled by averaging the Stokes / spectra in a 
region of 1" around the inverted profile. This average 
profile is added to the observed spectra weighted by a 
factor a; the s tray-light factor dist r ibutio n is in good 
agreement with lOrozco Suarez et alj (|2007f ) with typical 
value of a = 80%. The macroturbulence and microturbu- 
lence velocities are set to zero. In the inversion process, 
the finite spectral resolution of the instrument is taken 
into a ccount using the spectral p oint spread function of 
IBIS (jReardon fc Cavaninil[200l . 

Since our goal is to study the evolution of strong kG 
fiux concentrations associated with G-band BPs, we in- 
vert only those profiles whose Stokes V signals are above 
4 • cry in both Fe I lines; such regions always enclose G- 
band BPs. A total of 53000 profiles meet this condition, 
corresponding to approximately 3% of the whole FOV at 
any step of the time sequence. 

4. EVOLUTION OF MAGNETIC FEATURES 

This sequence of high-spectral and -spatial resolution 
observations allows us to study the coalescence, fragmen- 
tation and cancellation of small-scale magnetic structure. 
Examples of these processes are identified by inspecting 
the MFBD-restored G-band time series taken as context 
data in addition to the spectropolarimetric observations. 

Figures I1I3I and [5] exemplify each individual process 
with a selection of four G-band subfields (4" x 4") (first 
row), simultaneous and co-spatial maps of COG mag- 
netic fiux density (second row) and Stokes V profiles 
(right plot) averaged over a 0.5" x 0.5" box centered on 
the strongest COG signal. The contour lines overlaid 
on the magnetic flux density delimit kG field regions as 
indicated by the inversion of both Fc I lines. 

Figures [5] and 2] display plots of several quantities rel- 
evant to the processes shown in Figures [1] and [3] with 
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Fig. 3. — Selection of four instants from the BP fragmentation process. Same as Figure [T] 
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Fig. 4. — Evolution of relevant quantities for the BP fragmenta- 
tion process with full temporal resolution. Same as Figure (2] 



full temporal resolution. We report the evolution of 
the LOS velocity for the magnetized component (f;os), 
the magnetic flux density (i?e//) and LOS field strength 
{Bios)- vios and Bios are outputs of the inversion analy- 
sis, while Beff has been computed from both the inver- 
sion as / • Bios (dots) and from the COG magnetic flux 
density (triangles). The plotted quantities are averaged 
in the same 0.5" x 0.5" box defined above. 

4.1. Coalescence 

In Figure [1] a BP coalescence process is shown. In the 
first frame a diffuse magnetic signal can be recognized in 
the magnetic flux density images. In the G-band filter- 
gram, scattered, low-contrast bright features associated 
with the diffuse magnetic signals are recognizable. The 
photospheric advection field gathers the initially diffuse 
magnetic features in a small region of about 0.5"; simul- 
taneously, in the same region, a BP emerges in the inter- 
granular lane and kG fields are revealed by the inversion 
procedure (Stokes V profiles emerge above 4 • try). 

In a time interval of about 10 min, the magnetic fiux 
density more than doubles (Figure [2]). Simultaneously, 
the BP extends over 0.5" in the intergranular lane. The 
LOS velocity is between 2 — 3 km s^^. The magnetic field 
strength remains nearly constant at about 1.8 kG, while 
the magnetic flux density increases in good agreement 
with the same quantity calculated via COG method (Fig- 
ure [2]). These results indicate that the increase of Stokes 
V amplitude is due to the increase of the magnetic flUing 
factor and not to an increase of the field strength; the in- 
version analysis retrieves an increase of / from about 5% 
to about 14%. A confirmation of this result comes from 
Stokes V amplitudes in Figure [H since the beginning of 
the sequence, the Stokes V profiles of the two Fe I lines 
have comparable amplitudes, so the field is always in the 
kC regime. 



4.2. Fragmentation 

Figure [3] shows the fragmentation of a BP. In a time 
interval of about 25 minutes, a high-contrast BP is frag- 
mented in many small-scale bright features that move 
all over an intergranular lane with a length of about 4". 
The Stokes V signals are reduced in this process, but the 
comparable Stokes V amplitudes of the two Fe I lines 
indicate again a kG regime. 

Figure [4] shows that the magnetic field strength re- 
mains constant at about 1.6 kC, while the smearing of 
the "progenitor" BP causes a decrease of the magnetic 
flux density from about 400 G to about 80 G. These re- 
sults suggest that the magnetic filling factor is reduced 
by the action of the photospheric advection field; in fact 
the inversion analysis retrieves a decrease of / from about 
13% to about 4%. The LOS velocity exhibits smaller val- 
ues than in the BP coalescence case; more specifically, it 
varies around 1 km s~^. 

4.3. Cancellation 

The process we present in Figure [5] shows the cancel- 
lation of opposite polarity BPs converging over the same 
photospheric region. 

The photospheric advection field gathers together op- 
posite polarity flux concentrations. The result is a rapid 
disappearance of the G-band BPs and the complete can- 
cellation of the magnetic signals. The whole process lasts 
about 25 min. In the plot of Figure [5] we report Fe I 
630.25 nm Stokes V proflles associated with both polar- 
ity BPs. From the gradual reduction of the proflle am- 
plitudes we conclude that a continuous process is causing 
the disappearance of the circular polarization signals. 



DISCUSSION AND CONCLUSIONS 
iNagata et all ()20Q8f ) 



Recently, 

iBello Gonzalez et al 



(|2009D 



and 

analyses of 



presented 

events in which the ampliflcation of Stokes V signal was 
found to be simultaneous to the appearance of bright fea- 
tures in continuum and broad band images, respectively. 
INagata et all (|2008D performed an inversion of both Fe I 
630 nm lines and measured an increase of the magnetic 
field strength associated with very strong redshifts (up 
to 6 km s~^). The authors showed how Stokes V profiles 
evolved during the amplification process, changing from 
a sub-kG regime (Fe I 630.15 nm Stokes V amplitude 
lower than the Fe I 630.25 nm one) to a kG regime 
(the Stokes V profiles of the two lines have comparable 
amplitudes). All these as pects are compatible with a 
convective collapse process. iBello Gonzalez et al.l (|2009f ) 
also observed an increase of the Stokes V signal in 
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Fig. 5. — Selection of four instants from the BP cancellation process. First row. G-band filtergram. Second row: COG magnetic flux 
density (images are saturated at 100 G). Contour plot: kG fields regions as obtained from the inversion analysis of Stokes V profiles; positive 
{red contours) and negative {blue contours) polarity regions are represented. Right plot: Fe I 630.25 nm Stokes V profiles calculated as 
average over a 0.5" X 0.5" box around the position of the minimum {solid line) and maximum {dot-dashed line) magnetic fiux densities 
for each time instant. Stokes V profiles are normalized to the continuum intensities. For 17:07:42 UT a single 0.5" X 0.5" box fixed at the 
interaction point is used to calculate the average profiles. 



the Fe I 617.3 nm line and tentatively suggested the 
occurrence of a convective collapse. 

The approach adopted in the present work shows that 
the inversion of the observed profiles can help to inter- 
pret the physical process behind such observations. In 
particular, the increase of the filling factor reported in 
§ 14.11 is induced by the action of the photospheric advec- 
tion field. By the same token, the fragmentation event 
described in § 14.21 and associated with a decrease of the 
kG field filling factor, is produced by an opposite driv- 
ing action of the advection field. Furthermore, the more 
stable velocity in Figure suggests that the gathering of 
bright features in the coalescence process takes place in a 
steady downflow, while the variability of the velocity in 
Figure [4] suggests that such a stability is lost during the 
fragmentation process. In both cases, the contrast of G- 
band bright points is strictly correlated to the fraction of 
atmosphere filled by kG fields, and therefore controlled 
by the advection field. 

Different scenarios can explain the cancellation pro- 
cess. The first is the interaction, via successive magnetic 
reconnections, between opposite polarity field lines be- 
longing to different magnetic bundles. A second possible 
scenario is the emergence of a U-shaped magnetic loop 
or the submergence of a fi-shaped loop whose footpoints 
are observed as BPs. In both scenarios, a certain amount 
of linear polarization is expected to be found between 
the circularly polarized regions, during the cancellation 
phase. Contrary to this expectation, IBIS was not able 
to detect any trace of linear polarization. Higher polari- 
metric accuracy seems to be required to investigate this 
issue. 

We have presented results obtained from first observa- 
tions with IBIS in spectropolarimetric mode. They pro- 
vide new information on three distinct and poorly known 
processes, namely the coalescence, fragmentation, and 



cancellation of flux concentrations in the photosphere of 
the quiet Sun. Our analysis highlights the importance 
of interpreting Stokes profiles via inversion techniques to 
identify the physical mechanisms behind the processes 
under examination. In this way we have been able to 
associate the appearance (dissolution) of high-contrast 
G-band BPs with a local increase (decrease) of the fill- 
ing factor of photospheric kG fields induced by the pho- 
tospheric advection field. Apparently, the field strength 
does not undergo significant variations in those processes 
(Figures [2] and [4|). Also, we have analyzed the can- 
cellation of opposite-polarity G-band BPs. Our results 
add further data to the recent observation of interactions 
between granular flo ws and magnetic e lements acquired 
with HINODE re.g.. lZhang et^\2(M ). 
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